Pepping JK, Freeman LR, Gupta S, Keller JN, Bruce-Keller AJ. NOX2 deficiency attenuates markers of adiposopathy and brain injury induced by high-fat diet. Am J Physiol Endocrinol Metab 304: E392-E404, 2013. First published December 11, 2012 doi:10.1152/ajpendo.00398.2012.-The consumption of high-fat/ calorie diets in modern societies is likely a major contributor to the obesity epidemic, which can increase the prevalence of cancer, cardiovascular disease, and neurological impairment. Obesity may precipitate decline via inflammatory and oxidative signaling, and one factor linking inflammation to oxidative stress is the proinflammatory, pro-oxidant enzyme NADPH oxidase. To reveal the role of NADPH oxidase in the metabolic and neurological consequences of obesity, the effects of high-fat diet were compared in wild-type C57Bl/6 (WT) mice and in mice deficient in the NAPDH oxidase subunit NOX2 (NOX2KO). While diet-induced weight gains in WT and NOX2KO mice were similar, NOX2KO mice had smaller visceral adipose deposits, attenuated visceral adipocyte hypertrophy, and diminished visceral adipose macrophage infiltration. Moreover, the detrimental effects of HFD on markers of adipocyte function and injury were attenuated in NOX2KO mice; NOX2KO mice had improved glucose regulation, and evaluation of NOX2 expression identified macrophages as the primary population of NOX2-positive cells in visceral adipose. Finally, brain injury was assessed using markers of cerebrovascular integrity, synaptic density, and reactive gliosis, and data show that high-fat diet disrupted marker expression in WT but not NOX2KO mice. Collectively, these data indicate that NOX2 is a significant contributor to the pathogenic effects of high-fat diet and reinforce a key role for visceral adipose inflammation in metabolic and neurological decline. Development of NOX-based therapies could accordingly preserve metabolic and neurological function in the context of metabolic syndrome. brain injury; metabolic syndrome; NADPH oxidase; obesity
DIET-INDUCED OBESITY may be the primary cause of metabolic syndrome, which is associated with dramatically enhanced risk for many diseases, including type 2 diabetes, cardiovascular disease, stroke, and cancer (reviewed in Ref. 38) . In recent years, diet-induced obesity has also been linked to brain pathology, cognitive dysfunction, and Alzheimer's disease (reviewed in Ref. 65) . For example, studies have reported deficits in learning, memory, and executive function in obese compared with nonobese patients (28, 29, 93) , and regression studies have demonstrated that increased body weight is associated with decreased brain volume (94) . Additionally, clinical obesity is associated with reductions in focal gray matter volume and enlarged white matter, particularly in the frontal lobe (69) . While it is not fully understood how obesity destabilizes health, obesity is closely associated with a pattern of chronic inflammation thought to originate in adipose tissue (85) , resulting in enhanced cytokine production, increased acute-phase reactants, and other inflammatory mediators (14, 20, 42) . Activation of these inflammatory markers correlates tightly with insulin resistance (75) , cardiovascular disease (77) , and cognitive impairment (27, 89) .
While the molecular link(s) between excess adiposity and inflammation has not yet been identified, recent reports have implicated activation of the proinflammatory enzyme NADPH oxidase in the detrimental effects of diet-induced obesity. NADPH oxidase is a superoxide-producing complex consisting of membrane (gp91phox and p22phox) and cytosolic (p47phox, p67phox, and p40phox) components which assemble at the plasma membrane to form the active oxidase (8, 25) . NADPH oxidase is expressed in many types of immune cells including macrophages, dendritic cells, and neutrophils, as well as in adipocytes, endothelial cells, and neurons. With regard to the participation of NADPH oxidase in obesity, studies from our laboratory show that NADPH oxidase activity/expression is increased in the brains of mice given a high-fat diet (18) , a scenario also observed in rats (97) . Obesity-associated alterations in both endothelial cells (22, 87) and leukocytes (74) have been linked to NADPH oxidase. Once activated in the brain, NADPH oxidase is thought to trigger inflammatory processes that can contribute to CNS disease (15, 51, 84) . For example, data from our laboratory and others' show the critical role that NADPH oxidase plays in directing brain inflammation, particularly in the release of proinflammatory cytokines, including TNF␣, IL-6, and IL-1␤ (23, 78, 90) , all of which could underlie neurological impairment (2, 6, 52, 73, 91) .
Depite such data supporting a role for NADPH oxidase in the adverse effects of obesity, the effects of NADPH oxidase subunit deletion have not yet been tested in models of dietinduced obesity. To address this issue, this study employed a mouse model of chronic granulomatous disease (CGD), an inherited deficiency in NADPH oxidase based on deletion of the catalytic gp91phox subunit (also known as NOX2). The effects of high-fat diet were thus compared in wild-type C57Bl/6 (WT) mice and NOX2-deficient (NOX2KO) mice to determine whether deletion of NOX2 would offer significant protection from the detrimental neurological and/or physiological consequences of diet-induced obesity.
MATERIALS AND METHODS
Animal treatments. The Institutional Animal Care and Use Committee at the Pennington Biomedical Research Center approved all experimental protocols, which were compliant with NIH guidelines on the use of experimental animals. Four-month-old male C57Bl/6 (WT) and B6.129S-Cybb tm1Din /J (NOX2KO) mice were purchased from Jackson Laboratories (Bar Harbor, ME) and were housed in standard caging with a 12:12-h light-dark cycle and ad libitum access to food and water. C57Bl/6 mice were housed in standard conventional rooms, whereas NOX2KO mice were housed under sterile conditions to accommodate the CGD phenotype, which is characterized by recurrent bacterial and fungal infections leading to excessive inflammation (62) . Both WT and NOX2KO mice were separated into groups given either a high-fat diet (HFD) or a low-fat control diet (CD) for 14 wk. The HFD was composed of 60% fat (pork lard), and the control diet was composed of 10% fat. Both diets were open source, were purchased from Research Diets (New Brunswick, NJ; HFD: D12492; CD: D12450B), and were provided in pelleted form. Data were compiled from two separate experiments, each composed of both WT and NOX2KO mice given CD or HFD, with 9 -10 total animals in each group.
Body weight, food intake, and body composition [measured using a Bruker minispec LF90 time domain Nuclear Magnetic Resonance (NMR) analyzer; Bruker Optics, Billerica MA] were measured twice a month. Fasting blood glucose was measured in tail blood using a glucometer (Ascensia Elite, Bayer, Mishawaka, IN), and glucose tolerance was measured using a modified oral glucose tolerance test (OGTT). Briefly, mice were fasted for 4 h, baseline glucose was measured, and then mice were immediately administered glucose (2 g/kg) via oral gavage. Blood glucose was measured at 15, 30, 60, and 120 min, and area under the curve (AUC) was recorded as an index of glucose disposal. To measure circulating nonesterified fatty acids (NEFA) in the context of hyperglycemia, additional blood samples (ϳ50 l) were collected at 0 and 60 min by lancing the submandibular vein (31) , and NEFA were analyzed as described below. All mice were humanely euthanatized via isoflurane inhalation and cardiac puncture after a brief (6 h) fast, and blood, brain (anterior 1/3 of cerebral cortex), and visceral (epididymal) and subcutaneous (inguinal) adipose tissue depots were collected.
Clinical chemistry. Whole blood was collected by cardiac puncture of terminally anesthetized mice and was allowed to clot at 4°C overnight and then centrifuged at 3,000 g for 30 min. Serum was collected and either analyzed immediately or aliquoted and stored at Ϫ80°C. Levels of total cholesterol, HDL-cholesterol, LDL-cholesterol, triglycerides, and NEFA in sera were measured colorimetrically using commercially available kits (Wako Chemicals, Richmond, VA). Insulin levels were evaluated by ELISA in accordance with the manufacturer's assay protocol (Crystal Chem, Downers Grove IL).
Histological and biochemical analyses of adipose tissue. The inguinal and epididymal adipose depots were collected for histological and biochemical analyses. For histology, the tissues were dropfixed in 10% neutral buffered formalin for 2-3 days, after which they were processed for paraffin embedding. Sections (5 m) were then cut, collected, stained with hematoxylin and eosin, and digitized. Adipocyte size was measured by an investigator blinded to the experimental grouping in ϫ40 microscope fields by counting the total number of adipocytes within predefined area grids and then dividing the area by the total number of adipocytes within the grids to calculate average adipocyte size. For each sample, three replicate tissue sections were analyzed, with three fields counted in each section, for a total of nine fields averaged per sample.
For Western blot, adipose tissue samples were homogenized in RIPA buffer (G biosciences, St. Louis, MO) and then cleared by centrifugation at 5,000 g for 10 min at 4°C. Samples were denatured in SDS, and equivalent amounts of protein were electrophoretically separated in polyacrylamide gels and blotted onto nitrocellulose. Blots prepared from adipose tissue were processed using anti-Iba-1 (1:500, Wako Chemicals, Richmond, VA), anti-PPAR␥1/2 (1:1,000, Abcam, Cambridge, MA), anti-adiponectin (1:1,000, Abcam), anti-GADD153/CHOP (1:5,000, Abcam), anti-GRP78 (1:500, Novus Biologicals), and antitubulin (1:1,000, Wako Chemicals). After incubation with primary antibodies, blots were washed and exposed to horseradish peroxidaseconjugated secondary antibodies and visualized using a chemiluminescence system (Amersham Biosciences, Pittsburgh, PA). Blot images were scanned and densitometrically analyzed for quantification. To ensure accurate quantification across multiple blots, samples from all groups (HFD and CD in both WT and NOX2KO) were included in each individual blot. Data were calculated as a ratio of expression over tubulin expression, which was included as an internal loading control. Protein expression in HFD mice was then calculated and presented as percent expression relative to CD mice of the same genotype.
For immunocytochemical analyses of adipose depots, tissue sections were processed using anti-Iba-1 (1:100, Wako Chemicals) and anti-NOX2 (1:100, Santa Cruz Biotechnology). Sections were incubated with biotinylated or peroxidase-linked secondary antibodies and then visualized using diaminobenzidine (for Iba1) or NOVAred (for NOX2) as chromagens following the manufacturer's instructions (Vector Laboratories, Burlingame, CA). To document nonspecific staining, the primary antibodies were omitted from the staining protocol. To visualize the cellular distribution of NADPH oxidase subunit expression, sections were first labeled for NOX2 and then double-labeled using Iba-1 as a macrophage cell marker.
Measures of brain injury by western blot. Tissue samples generated from frontal cortices were homogenized and processed for Western blot with chemiluminescence, as described in previous reports (16, 76) . Blots were processed using the following primary antisera: anticlaudin-5 (1:400, Abcam), anti-ZO-1 (1:100, Abcam), anti-occludin (1: 8,000, Abcam), anti-matrix metalloproteinase-2 (MMP2; 1:1,000, Abcam), anti-MMP9 (1:1,000, Abcam), anti-synapsin 1 (1:10,000, Thermo Fisher Scientific, Pittsburg, PA), anti-phospho(Ser 553 )-synapsin 1 (1: 10,000, Abcam), anti-synapse-associated protein-97 (SAP97; 1:2,500, Abcam), anti-glial fibrillary acidic protein (GFAP; 1:5,000, Abcam); anti-Iba-1 (1:500, Wako Chemicals), and anti-tubulin (1:1,000, Wako Chemicals). To ensure accurate quantification across multiple blots, samples from all groups were included in each individual blot. Data were first calculated as a ratio of expression over tubulin expression, which was included as an internal loading control, and then protein expression in HFD mice was calculated and presented as percent expression relative to CD mice of the same genotype.
Statistical analyses. All data are shown as means Ϯ SE. Body weight and composition data, adipocyte size, and all metabolic data were all analyzed with two-way analyses of variance (ANOVA) followed by planned Bonferroni posttests to determine the differential effects of HFD in WT compared with NOX2KO mice. Additionally, planned comparisons of WT with NOX2KO mice under both CD and HFD conditions were carried out using one-way ANOVA. Protein expression values generated by Western blot (ratios of expression over tubulin) were normalized to percent CD for each genotype to reconcile data from multiple blots and were analyzed by two-tailed, unpaired t-tests to determine if statistically significant differences existed between HFD and CD groups within each genotype. Statistical significance for all analyses was accepted at P Ͻ 0.05 (*P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001).
RESULTS
Effects of HFD on body weight and composition in WT and NOX2KO mice. Four-month-old male WT and NOX2KO mice were fed either HFD or CD for 14 wk as described in MATERIALS AND METHODS. During that time, body weights progressively diverged such that, by the end of the diet exposure period, the HFD-fed mice weighed significantly more than CD mice, although all mice gained weight (Fig. 1A) . Statistically, ANOVA for genotype X diet revealed a significant main effect of diet on body weight (F (1, 35) ϭ 82.82, P Ͻ 0.0001). The effect of genotype on body weight was also significant (F (1, 35) ϭ 2.27, P ϭ 0.030), but the interaction was not. Planned comparisons of NOX2KO and WT mice revealed that, although there were no significant differences between body weights in mice given CD, HFD-fed NOX2KO mice weighed significantly more than HFD-fed WT mice after 4 and 6 wk of diet consumption (Fig. 1A) . Analysis of food intake during this period did not reveal any differences between WT and NOX2KO mice with regard to diet (CD or HFD) ingestion (data not shown), indicating that NOX2 is not involved in feeding behavior and that the increased body weight in NOX2KO mice was not caused by increased food intake. In addition to body weight, total body fat was measured using NMR as described in MATERIALS AND METHODS. Similar to what was observed for body weight, the amount of body fat (expressed as %total body weight) increased in all mice over the 14-wk feeding trial, but mice given HFD had the greatest amounts of body fat (Fig. 1B) . Statistically, ANOVA to measure the effects of genotype and diet on percent body fat revealed a significant main effect of diet (F (1, 33) ϭ 53.68, P Ͻ 0.0001). The effect of genotype on body fat was also significant (F (1, 33) ϭ 4.41, P ϭ 0.033), with a significant interaction between diet and genotype (F (1, 33) ϭ 8.63, P ϭ 0.0038). Planned comparisons of NOX2KO and WT mice revealed no genotype-based differences in percent body fat in mice given CD but did reveal increased body fat in WT compared with NOX2KO mice after 11 and 14 wk of HFD (Fig. 1B) . NMR-based measures of lean body mass (expressed as %total body weight) revealed decreases in all mice over the 14-wk feeding trial, with mice given HFD having the least amount of lean body mass by the end of the feeding trial (Fig.  1C) . Statistically, two-way ANOVA revealed a significant main effect of diet on lean body mass (F (1,35) ϭ 52.10, P Ͻ 0.0001). The effect of genotype on body weight was also significant (F (1, 35) ϭ 9.27, P ϭ 0.0038), but the interaction was not. Planned comparisons of NOX2KO and WT mice revealed no differences in percent lean mass in mice given CD but did reveal decreased lean mass in WT mice compared with NOX2KO mice after 11 and 14 wk of HFD (Fig. 1C) .
After the mice were euthanized, the subcutaneous inguinal and visceral epididymal adipose depots were collected for analysis. Comparison of the wet weights of the individual fat pads revealed that HFD significantly increased the size of the subcutaneous inguinal fat pad. Specifically, ANOVA for the effects of genotype X diet on the weight of the inguinal fat pad revealed a significant main effect of diet (F (1, 35) ϭ 78.19, P Ͻ 0.0001), but no effect of genotype and no interaction ( Fig. 2A) , whereas post hoc tests confirmed that HFD significantly increased the size of the inguinal fat pad in both WT and NOX2KO mice. Planned comparisons of NOX2KO and WT mice revealed no differences in the weight of the inguinal adipose depot in mice given CD; likewise, the inguinal adipose depot in HFD-fed WT mice was not statistically different in size from the inguinal depot isolated from HFD-fed NOX2KO mice ( Fig. 2A) . Visceral adipose was likewise analyzed, and ANOVA for the effects of genotype X diet on the weight of the epididymal fat pad showed no main effect of either diet or genotype but did reveal a significant interaction (F (1, 35) ϭ 10.51, P ϭ 0.0401; Fig. 2B ). Post hoc tests showed that HFD significantly increased epididymal adipose depot weight in WT mice but not in NOX2KO mice, whereas planned comparisons of NOX2KO and WT mice revealed that the epididymal adipose depot in HFD-fed WT mice was significantly heavier than that isolated from HFD-fed NOX2KO mice (Fig. 2B) .
Diet-induced adipocyte hypertrophy and inflammation in WT and NOX2KO mice. As obesity and metabolic dysfunction are frequently associated with adipocyte enlargement or hypertrophy (12, 39) , the size of individual adipocytes within subcutaneous inguinal and visceral epididymal adipose depots was evaluated in tissue sections as described in MATERIALS AND METHODS. Such measurements revealed that HFD significantly increased the overall size of subcutaneous inguinal adipocytes (Fig. 3A) . Specifically, ANOVA for the effects of genotype and diet on inguinal adipocyte size revealed a significant main effect of diet (F (1, 33) ϭ 47.79, P Ͻ 0.0001) but no effect of genotype and no interaction. Planned comparisons revealed no differences in the size of inguinal adipocytes in CD-fed NOX2KO and CD-fed WT mice and likewise showed that HFD increased subcutaneous adipocyte size similarly in both WT and NOX2KO mice (Fig. 3A) . With respect to visceral adipocytes, two-way ANOVA on the effects of genotype and diet on epididymal adipocyte size revealed a significant main effect of diet (F (1, 34) ϭ 38.40, P Ͻ 0.0001). Although there was no significant effect of genotype on visceral adipocyte size, there was a significant interaction of diet and genotype (F (1, 34) ϭ 15.18, P Ͻ ϭ 0.0015), and post hoc tests showed that HFD increased epididymal adipocyte size only in WT mice (Fig. 3B) . Planned comparisons revealed that HFD-fed WT mice had significantly larger epididymal adipocytes than HFD-fed NOX2KO mice (Fig. 3B) , with no differences in visceral adipocyte size between CD-fed mice. Representative images of hematoxylin and eosin-stained tissue sections prepared from visceral epididymal adipose depots likewise revealed that larger adipocytes in HFD-fed WT mice compared with HFD-fed NOX2KO mice or mice given CD (Fig. 3C) .
Obesity is frequently accompanied by chronic low-grade inflammation (14, 42) , and evidence suggests that macrophages may mediate inflammatory pathways initiated within adipose tissues (95) . Thus, macrophage infiltration into inguinal and epididymal adipose depots was evaluated by measuring expression of Iba-1, a calcium-binding protein specifically expressed in macrophages that is upregulated with activation (40, 53, 96) and can be used in Western blot and immunohistological analyses in paraffin-embedded tissues (1, 92). Evaluation of Western blots indicated clear increases in Iba-1 expression in WT, but not NOX2KO, adipose following HFD (Fig. 4) . Quantification and two-tailed, unpaired t-test analyses of Iba-1 expression over multiple blots likewise revealed that HFD Fig. 3 . Effects of HFD on adipocyte hypertrophy in WT and NOX2KO mice. Subcutaneous inguinal and visceral epididymal fat pads were collected from WT and NOX2KO mice at the end of the 14-wk feeding trial and processed for histological analyses of adipocyte size as described in MATERIALS AND METHODS. Data were collected from 10 mice in each group except for the NOX2KO/HFD group, which had 9 samples. A: size of inguinal adipocytes in WT and NOX2KO mice after administration of CD or HFD. **Significant (P Ͻ 0.01) increase in adipocyte size in WT mice on HFD vs. WT mice on CD; ***significant (P Ͻ 0.001) increase in NOX2KO mice on HFD vs. NOX2KO mice on CD. B: size of epididymal adipocytes in WT and NOX2KO mice after administration of CD or HFD. ***Significant (P Ͻ 0.001) increase in adipocyte size in WT mice on HFD vs. WT mice on CD; ###significant decrease in adipocyte size in HFD-fed NOX2KO mice vs. HFD-fed WT mice. (C) Representative images of H&E stained adipocytes from which adipocyte size measures were based. Fig. 2 . Effects of HFD on adipose depot weights in WT and NOX2KO mice. Subcutaneous inguinal and visceral epididymal fat pads were collected from WT and NOX2KO mice at the end of the 14-wk feeding trial and weighed. Data were collected from 10 mice in each group except for the NOX2KO/HFD group, which had 9 samples. A: inguinal fat depot weight in WT and NOX2KO mice following administration of CD or HFD. ***Significant (P Ͻ 0.001) increase in weight of inguinal fat depot in both WT and NOX2KO mice on HFD vs. CD. B: epididymal fat depots in WT and NOX2KO mice following administration of CD or HFD. *Significant (P Ͻ 0.05) increase in weight of epididymal fat depot in WT mice given HFD vs. WT mice on CD. #Significant (P Ͻ 0.05) increase in weight of epididymal fat depot in WT vs. NOX2KO mice on HFD.
significantly increased Iba-1 expression in subcutaneous inguinal fat depots collected from both WT (t (18) ϭ 4.43, P ϭ 0.0003) and NOX2KO mice (t (18) ϭ 3.17, P ϭ 0.0053; Fig.  4A ). Conversely, HFD increased visceral epididymal Iba-1 expression only in WT (t (18) ϭ 2.75, P ϭ 0.0132) but not NOX2KO mice (Fig. 4A) . Representative images of hematoxylin and eosin-stained tissue sections prepared from visceral epididymal adipose depots likewise confirmed increased macrophage infiltration into adipose isolated from HFD-fed WT mice but not from HFD-fed NOX2KO mice or mice given CD (Fig. 4C) .
Diet-induced alterations to visceral adipocyte physiology in WT and NOX2KO mice. To determine whether the hypertrophy and inflammation noted in visceral adipose were accompanied by derangement in adipocyte physiology, markers of adipocyte function/injury in visceral adipose of WT and NOX2KO mice were examined by Western blot. Specifically, the overall expressions of PPAR␥ and adiponectin were evaluated, as they are both markers of mature functional adipocytes and also because loss of these factors contributes to obesity-induced metabolic decline (5, 82) . Quantification and analyses of PPAR␥ expression revealed that HFD decreased PPAR␥ relative to levels in CD-fed mice only in WT (t (18) ϭ 3.72, P ϭ 0.0040) mice but not in NOX2KO mice (Fig. 5A) . Conversely, adiponectin expression was decreased by HFD in visceral fat depots collected from both WT (t (18) Fig. 5B ), but data also showed that the effect of HFD was significantly greater in WT mice than in NOX2KO mice (t (18) ϭ 2.79, P ϭ 0.0122; Fig. 5B ).
Adipocyte injury was estimated by evaluating the expressions of GADD153/CHOP and GRP78, both of which are known to be increased in the context of obesity and thought to reflect endoplasmic reticulum (ER) stress in adipocytes caused by chronic and/or excessive inflammation (66, 67) . Evaluation and statistical analysis of GADD153/CHOP blots revealed that HFD significantly increased GADD153 expression only in WT mice (t (18) ϭ 3.77, P ϭ 0.0014) but not in NOX2KO mice (Fig.  5C ). Likewise, expression of GRP78 was also significantly increased by HFD in WT mice (t (18) ϭ 2.5, P ϭ 0.0217; Fig.  5D ) but not in NOX2KO mice (Fig. 5D) .
Histological pattern of NOX2 expression in visceral adipose of WT mice. Although the above data indicate that NOX2 expression participates in HFD-induced adiposopathy, these data do not give any indication as to the cell type(s) mediating this effect. This issue is noteworthy because, while NOX2 expression has been detected in white adipose depots in both rodents (79) and humans (19) , NOX2 expression in differentiated 3T3-L1 adipocyte cells appears to quite low (36) . Indeed, cell culture data indicate that NADPH oxidase-based signaling in adipocyte cell lines may be mediated by NOX4 rather than NOX2 (57, 81) , raising the possibility that adipose NOX2 expression may be restricted to macrophages, which are well known to be NOX2 positive (32) . To thus better understand how NOX2 regulates adipose function, the expression of NOX2 was evaluated immunohistochemically in visceral epididymal tissue isolated from CD-and HFD-fed WT mice as described in MATERIALS AND METHODS. Initial experiments verified the specificity of the selected NOX2 antibody by showing that it was unable to recognize an epitope in NOX2KO adipose tissues (Fig. 6A) . Qualitative evaluation of NOX2 expression in the visceral adipose sections demonstrated prominent NOX2 immunoreactivity in cells with morphology typical of macrophages (Fig. 6B) . To more accurately confirm the cell typespecific pattern of NOX2 expression, sections from CD-and HFD-fed WT mice were double-labeled for NOX2 and the macrophage markers Iba-1. Evaluation of tissue double-labeled sections showed extensive colocalization of NOX2 and Iba-1 staining (Fig. 6B) , indicating that macrophages are the predominant cell type expressing NOX2 in the visceral adipose depot. However, an occasional and less intense pattern of NOX2 immunoreactivity that was not associated with Iba-1-positive cells could be observed (Fig. 6B, arrows) , perhaps arising from preadipocytes or other stromovascular cells.
Diet-induced metabolic dysfunction in WT and NOX2KO mice. To determine the extent of HFD-induced metabolic syndrome in WT and NOX2KO mice, data were collected, and for presentation purposes are thematically divided into syndromes separately describing insulin resistance and hyperlipidemia. To document insulin sensitivity and glycemic control, studies focused on regulation of fasting glucose and glucose tolerance. At the end of the 14-wk diet regimen, mice were fasted, and blood glucose and serum insulin were measured as described in MATERIALS AND METHODS. Two-way ANOVA on the effects of genotype and diet on fasting blood glucose revealed significant main effects of diet (F (1,35) ϭ 14.44, P ϭ 0.0014) and genotype (F (1, 35) ϭ 35.67, P Ͻ 0.0001), with a statistically significant interaction between diet and genotype (F (1,35) ϭ 6.72, P ϭ 0.0239; Fig. 7A ). Post hoc tests showed that HFD increased glucose levels in WT mice but not in NOX2KO mice, while planned comparisons revealed that glucose levels in HFD-fed WT mice were significantly higher than levels in HFD-fed NOX2KO mice (Fig. 7A) . Conversely, two-way ANOVA on the effects of genotype and diet on fasting insulin revealed a significant effect of diet (F (1,35) ϭ 14.44, P ϭ 0.0014) but no effect of genotype and no interaction (Fig. 7B) . Glucose tolerance was measured by OGTT as described in MATERIALS AND METHODS, and statistical analyses showed significant main effects of diet (F (1, 35) ϭ 42.96, P Ͻ 0.0001) and genotype (F (1,35) ϭ 5.83, P ϭ 0.0401) on glucose tolerance but no significant interaction between diet and genotype (Fig. 7C) . Post hoc tests showed that HFD impaired glucose tolerance (i.e., increased the area under the curve) in both WT and NOX2KO mice, but planned comparisons revealed that HFDfed WT mice had increased area under the curve compared with HFD-fed NOX2KO mice (Fig. 7C) . Finally, in light of evidence of adipocyte hypertrophy and inflammation in HFDfed WT mice, experiments were designed to reveal alterations in adipocyte glucose tolerance. Specifically, the adipose lipolytic response to glucose loading was evaluated by quantifying serum levels of NEFA at both fasting and 60 min post-glucose conditions, as described in MATERIALS AND METHODS. Fasting NEFA levels (measured as meq/dl) were were evaluated in tissue homogenates prepared from epididymal adipose depots. Data were collected from 10 mice in each group except for the NOX2KO/HFD group, which had 9 samples, and depict means Ϯ SE expression in HFD mice presented as percentage values in CD mice (100% line on graph). Significant (*P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, respectively) changes in expression in HFD mice vs. CD mice; #significant (P Ͻ 0.05) decreases in adiponectin expression in WT-HFD adipose vs. changes in expression in NOX2KO-HFD mice. not significantly affected by genotype or diet (WT-CD, 1.139 Ϯ 0.054; WT-HFD, 1.1070 Ϯ 0.044; NOX2KO-CD, 1.140 Ϯ 0.027; NOX2KO-HFD, 1.060 Ϯ 0.068). However, while glucose administration decreased NEFA in CD-fed mice, post-glucose NEFA levels in HFD-fed WT were much higher than in other groups of mice (Fig. 7D) . Specifically, ANOVA analyses of post-glucose NEFA levels showed a significant main effect of diet (F (1, 33) ϭ 42.96, P Ͻ 0.0001) and of genotype (F (1,33) ϭ 5.83, P ϭ 0.0401) on post-glucose NEFA but no interaction (Fig. 7D) . Post hoc tests revealed that HFD increased post-glucose levels of NEFA in both WT and NOX2KO mice, but planned comparisons showed that postglucose NEFA were significantly higher in HFD-fed WT mice than in HFD-fed NOX2KO mice (Fig. 7D) .
Studies next assessed a panel of bioactive serum lipids in WT and NOX2KO mice, measured under fasted conditions as described in MATERIALS AND METHODS. Data showed a significant effect of diet (F (1, 34) ϭ 44.49, P Ͻ 0.0001) on total cholesterol, but no effect of genotype, no interaction, and no significant differences between WT and NOX2KO mice (Table 1) . Likewise, there were significant effects of diet on LDL-cholesterol (F (1, 34) ϭ 26.17, P ϭ 0.0013) and on HDL-cholesterol (F (1,34) ϭ 30.13, P ϭ 0.0004) but no effects of genotype and no interactions. Additionally, post hoc tests showed that HFD increased LDL-and HDL-cholesterol species in WT but not in NOX2KO mice (Table 1) . Finally, there were no differences in levels of fasting triglycerides or NEFA in either WT or NOX2KO mice given either CD or HFD (Table 1) . Fig. 7 . Effects of HFD on glucose regulation and tolerance in WT and NOX2KO mice. Mice were fasted for 4 h, after which an OGTT was performed to measure glucose regulation and insulin resistance. Data were collected from 10 mice in each group except for the NOX2KO/HFD group, which had 9 samples. A: fasting blood glucose levels measured in WT and NOX2KO mice after administration of HFD or CD. ***Significant (P Ͻ 0.001) increase in fasting blood glucose level in HFD-fed WT vs. CD-fed WT mice; ###significant decrease in fasting glucose in HFD-fed NOX2KO vs. HFD-fed WT mice. B: fasting insulin levels measured in WT and NOX2KO mice after administration of HFD or CD. ***Significant (P Ͻ 0.001) increase in fasting insulin in WT mice on HFD vs. WT mice on CD, and similarly an increase in NOX2KO mice on HFD vs. NOX2KO mice on CD. C: oral glucose tolerance, as indicated by area under the curve (AUC). ***Significantly (P Ͻ 0.001) larger AUC in WT mice on HFD vs. WT mice on CD; #significant decrease in glucose AUC in HFD-fed NOX2KO vs. HFD-fed WT mice. *Significantly (P Ͻ 0.05) larger AUC in NOX2KO mice on HFD vs. NOX2KO mice on CD. D: NEFA levels in mice 60 min after glucose (2 mg/kg) gavage. Significant (*P Ͻ 0.05 and **P Ͻ 0.001, respectively) increases in serum NEFA in HFD mice; ##significant decrease in NEFA following glucose load in HFD-fed NOX2KO vs. HFD-fed WT mice. Values are means Ϯ SE of data collected from 9 -20 animals. Male wild-type (WT; C57BL/6) and NAPDH oxidase subunit 2-deficient (NOX2KO) mice were administered control diet (CD) or high-fat diet (HFD) for 14 wk, and then serum lipids were measured under fasted conditions as described in MATERIALS AND METHODS. Data were analyzed by 2-way ANOVA followed by planned Bonferroni posttests to determine effects of HFD in WT vs. NOX2KO mice. Significant differences (*P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001, respectively) noted in mice given HFD vs. CD mice.
Effects of HFD on brain injury in WT and NOX2KO mice.
Experiments were next designed to determine the extent of brain injury caused by HFD in both strains of mice. Analyses were thematically split into evaluations of cerebrovascular integrity, synaptic density, and reactive gliosis measured in the anterior neocortex, a CNS site of increased NOX activity/ expression following HFD (18) . Cerebrovascular and bloodbrain barrier (BBB) integrity were evaluated by measuring the expressions of the essential tight junction proteins claudin-5, ZO-1, and occludin, as well as the matrix metalloproteinases MMP2 and MMP9, via Western blot, as described in MATERIALS AND METHODS. These specific signals were chosen because decreased expression of tight junction proteins is well known to accompany many neurological disorders including multiple sclerosis, stroke, Alzheimer's disease, Parkinson's disease, and epilepsy (reviewed in Ref. 13 ), while MMP are well known to degrade basement membranes and connective tissue of the BBB during inflammatory responses, contributing to both loss of BBB integrity and cerebral hypoperfusion (63) . Western blot data indicated cerebrovascular injury in WT but not NOX2KO mice following HFD (Fig. 8) . Specifically, twotailed unpaired t-tests reveal significant, HFD-induced decreases in claudin-5 (t (18) ϭ 2.75, P ϭ 0.0191) and occludin expression (t (18) ϭ 6.53, P Ͻ 0.0001) in WT but not NOX2KO, mice (Fig. 8A) . Likewise, MMP2 expression was increased (t (18) ϭ 3.21, P ϭ 0.0048) by HFD in WT but not NOX2KO mice (Fig. 8A) , while ZO1 and MMP9 were not affected by diet in either strain of mice (Fig. 8A) .
Evaluations of synaptic density were based on expression of the postsynaptic marker synapse-associated protein-97 (SAP97) and total and phosphorylated forms of the presynaptic protein synapsin 1 (SYN1). Quantification of total SYN1 expression revealed no differences in expression between groups (Fig. 8B ), but levels of phosphorylated SYN1 (t (18) ϭ 2.86, P ϭ 0.0104) and SAP97 expression (t (18) ϭ 2.34, P ϭ 0.0309) in were significantly decreased by HFD in WT but not NOX2KO mice (Fig. 8B) .
To determine whether HFD consumption affected inflammatory gliosis in mice, the expression of astrocyte and microglial markers, as well as the proinflammatory/pro-oxidant enzymes inducible nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX2), were evaluated in cortical homogenates by use of Western blot. The intermediate filament protein glial fibrillary acidic protein (GFAP) was used to evaluate astrocyte hypertrophy (64) , and data showed significant increases in GFAP caused by HFD in WT (t (18) ϭ 7.58, P Ͻ 0.0001; Fig.  8C ) but not NOX2KO mice. Microglial reactivity was evaluated by measuring expression of Iba-1, and blots likewise revealed significant increases in Iba-1 expression following HFD on WT mice (t (18) ϭ 2.62, P ϭ 0.0174; Fig. 8C ) but not in NOX2KO mice. iNOS and COX2 were not affected by diet (Fig. 8C) .
While NOX2KO mice have been used in numerous studies of brain injury, including models of aging (71) , stroke (21), Alzheimer's disease (72) , and traumatic injury (26) , systematic, side-by-side comparisons of markers of cerebrovascular integrity, synaptic density, and reactive gliosis in WT and NOX2KO mice have not been reported. This is an important issue, as not only is NADPH oxidase thought to contribute to brain injury, but data also show that NADPH oxidase participates in synaptic plasticity and memory formation (47, 48, 88) , raising the possibility that compensatory changes in CNS physiology caused by genetic deletion of NOX2 could confound comparisons between WT and NOX2KO animals. Thus, to determine whether NOX2 deletion results in significant alterations in the murine CNS, tissue homogenates were pre- Fig. 8 . Effects of HFD on markers of brain injury in WT and NOX2KO mice. A: markers of cerebrovascular integrity (expression of tight junction proteins claudin-5, ZO-1, and occludin and matrix metalloproteinases MMP2 and MMP9). B: synaptic density [expression of postsynaptic marker protein synapse-associated protein-97 (SAP97), presynaptic protein synapsin 1, and phosphorylated synapsin 1] were evaluated in tissue homogenates prepared from the frontal cortex. C: reactive gliosis (expression of GFAP, Iba-1, iNOS, COX2). Data were collected from 10 mice in each group except for the NOX2KO/HFD group, which had 9 samples, and depict means Ϯ SE expression in HFD mice presented as %values in CD mice (100% line) on graph. Significant (*P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, respectively) changes in expression in WT HFD vs. WT CD mice. pared from the anterior cerebral cortex of WT and NOX2KO mice maintained on CD and were evaluated for markers of cerebrovascular integrity, synaptic density, and reactive gliosis, as described in MATERIALS AND METHODS. Data show that claudin-5 (t (18) ϭ 2.42, P ϭ 0.0264) and occludin expression (t (18) ϭ 4.27, P ϩ 0.0005) were significantly decreased in NOX2KO mice compared with WT mice (Table 2) . Conversely, the expressions of all other cerebrovascular, synaptic, and glial/inflammatory markers were not significantly altered in NOX2KO mice compared with WT mice (Table 2) .
DISCUSSION
Data in this manuscript strongly support a key role for NOX2 in the detrimental effects of diet-induced obesity. Specifically, data show that while both WT and NOX2KO mice became obese following HFD administration, NOX2KO mice had attenuated adipose pathology and preserved adipose function, particularly in visceral adipose deposits. Additionally, glucose tolerance was normalized in NOX2KO mice compared with WT mice following HFD, and HFD-induced brain injury was prevented in NOX2KO mice. Overall, these data are consistent with previous studies demonstrating increased NADPH oxidase activity/expression in models of obesity (18, 22, 97) and are also in agreement with the growing body of literature describing the sensitivity of the brain to obesityinduced metabolic dysfunction (reviewed in Refs. 17 and 60). Moreover, these data significantly extend previous studies with the demonstration that NOX2 is a specific and powerful mediator of pathogenic effects of diet-induced obesity that extend from adipocytes to brain cells. These detrimental effects could arise from NOX2-positive visceral adipose macrophages, whose action precipitates loss of adipocyte function and the development of ER stress within adipose tissues, triggering pathways that may ultimately result in loss of metabolic and neurological function. Collectively, these data raise the possibility that NOX2-based therapies could be used clinically to preserve both metabolic and neurological function in the context of obesity.
These data support a key role for NOX2 in adipose responses to HFD. Visceral adipose deposits from HFD-fed NOX2KO mice were smaller, with decreased hypertrophy and macrophage infiltration, compared with WT mice given HFD. These data also show that NOX2 deletion attenuates the development of ER stress in adipose tissues and also preserves the expression of mature adipocyte markers, suggesting that sustained expression/activity of NOX2 leads to an overall destabilization of adipocyte physiology through ER stress. These data are in agreement with existing literature on the role of free radicals in general, and NADPH oxidase specifically, in adipocyte physiology. For example, many studies have established that HFDs increase adipose NADPH oxidase (24, 33, 58) and that NADPH oxidase regulates adipocyte chemokine expression (33, 36) , which could explain our observations of decreased macrophage infiltration into NOX2-deficient adipose. Data also support an important role for NADPH oxidase in long-term adipocyte responses to insulin, such as proliferation and differentiation (81); however, this paper is the first to provide evidence for a specific role for NOX2 in these pathways. The human genome contains five NOX members, NOX1 through NOX5 (34, 50) , and while NOX2 expression is found in white adipose deposits in both rodents (79) and humans (19) , NOX2 expression in differentiated 3T3-L1 adipocytes appears to be quite low (36) , raising questions as to which adiposeresident cells express NOX2. Indeed, cell culture data indicate that many of the free radical-based pathways involved in adipocyte insulin sensitivity and proliferation may be mediated by NOX4 rather than NOX2 (57, 81) . However, in contrast to the protective effects of NOX2 deletion reported here, NOX4-deficient mice have recently been shown to have enhanced susceptibility to diet-induced obesity, with accelerated insulin resistance, enhanced adipocyte hypertrophy, and increased adipose tissue hypoxia, inflammation and apoptosis (54) . These findings thus suggest differential roles for the NADPH oxidase subunits in adipose tissue, with NOX4 involved in maintaining physiological events such as insulin receptor signaling and adipocyte proliferation/differentiation, and NOX2 driving sustained inflammatory changes in response to stimuli like fatty acids or oxidized lipoproteins.
These data also suggest that NOX2 might play a particularly deleterious role specifically in visceral adipose. Subcutaneous and visceral adipocytes derive from different progenitor cells that exhibit a different gene expression pattern and thus may respond quite differently to the effects of diet or NADPH oxidase inhibition. Indeed, visceral fat tissue is strongly associated with insulin resistance, diabetes mellitus, dyslipidemia, hypertension, atherosclerosis, hepatic steatosis, and overall mortality, whereas subcutaneous fat seems to have intrinsic beneficial metabolic properties (35) . While the reasons for this are not yet clear, several studies have documented that visceral adipose is distinguished by increased inflammation. For example, the number of macrophages has been estimated at two-to fourfold higher in visceral compared with subcutaneous fat irrespective of adiposity levels (37); likewise, the expression of Data show means Ϯ SE expression in NOX2KO mice presented as %WT and were analyzed by 2-tailed, unpaired t-tests. Tissue homogenates were prepared from the anterior cerebral cortex of male WT (C57BL/6) and NOX2KO mice maintained on CD were evaluated for markers of cerebrovascular integrity, synaptic density, and reactive gliosis as described in MATERIALS AND METHODS. MMP, matrix metalloproteinase; SAP97, synapse-associated protein-97; GFAP, glial fibrillary acidic protein; COX2, cyclooxygenase 2. Significant differences (*P Ͻ 0.05 and **P Ͻ 0.01, respectively) noted in NOX2KO mice vs. WT mice.
proinflamamtory cytokines is elevated in visceral compared with subcutaneous fat (7) . This relatively enhanced level of inflammation in the visceral fat has been repeatedly and directly linked to obesity-related insulin resistance and type 2 diabetes (44, 86) . For example, the cytokine TNF␣ has been demonstrated to mediate obesity-induced insulin resistance (reviewed in Ref. 43) , while the chemokine monocyte chemotactic protein-1 (MCP-1) has also been shown to impair adipocyte insulin sensitivity (80) . Increased proinflammatory cytokines can induce insulin resistance by several mechanisms, including via suppressor of cytokine signaling-3 (SOCS3) expression (30) and/or the activation of numerous intracellular serine kinases such as c-Jun NH 2 -terminal kinase (JNK) and inhibitor of B kinase (IKK) (41) . Finally, it is important to note that data from our laboratories and others' have firmly established the critical role that NADPH oxidase plays in directing macrophage inflammation, particularly the release of proinflammatory cytokines including TNF␣, IL-6, and IL-1␤ (23, 78, 90) . Thus, the data in this paper raise the possibility that inhibition of NOX2 just within visceral adipose may be sufficient to prevent the pattern of macrophage accumulation and inflammation that precipitates metabolic and neurological decline. This finding is both highly clinically significant and easily translated into new therapies.
While obesity is known to predispose individuals to a myriad of diseases (reviewed in Ref. 38) , the brain may be one of the more critical sites in light of the increasing costs associated with cognitive impairment and dementia. These data indicate that NOX2 may be a key aspect of diet-induced brain injury, in agreement with a large body of literature supporting a role for NADPH oxidase in neurodegenerative pathways (15, 51, 84) . For example, the same NOX2KO mice are protected from postischemic neuroinflammation and inflammatory cytokine-mediated brain damage (21) and also from microgliamediated injury in mouse models of traumatic brain injury (26) , indicating that NOX2 mediates neurotoxic brain inflammation. In further support of this potential mechanism, data from our laboratories and others' have established the critical role that NOX plays in the release of proinflammatory cytokines including TNF␣, IL-6, and IL-1␤ (23, 78, 90) , all of which could underlie neurological impairment (2, 6, 52, 73, 91) . Although cytokine expression was not documented in this study, data show that HFD-induced reactive gliosis was prevented in NOX2KO mice, and previous studies from our laboratory show a tight association of reactive gliosis with both CNS cytokine release and cognitive impairment following HFD (76) . Interestingly, however, NADPH oxidase also participates in physiological events including neuronal signaling and memory formation (47, 48, 88) . Cognitive function was not measured in this study, as data would have been very difficult to interpret, since both humans and mice with similar NOX2 mutations have been shown to have some degree of cognitive dysfunction (46, 70) . In this regard, the lack of significant differences in basal expression of synaptic markers suggests that cognitive deficits associated with NOX2KO likely reflect alterations in synaptic signaling rather than decreases in synaptic number, which is in keeping with current thoughts on the role of NADPH oxidase in cognition (3, 49) . Collectively, these data raise the possibility that neurological function would be best preserved if the proinflammatory, detrimental consequences of glial NOX activation could be inhibited while preserving physiological neuronal NOX signaling. Indeed, genetically engineered mice with LoxP sites flanking the NOX2 gene are currently under development, and these mice may significantly advance understating of the complex and nuanced role of NOX2 in the brain. It should also be pointed out that commercially available NOX2KO mice have been available as homozygous breeders for many years, raising the possibility of subtle genetic drift between commercially available NOX2KO mice and the parental C57Bl/6 strain, which could potentially contribute to reported differences between strains. Indeed, it is possible that genetic drift and/or compensatory changes in the expression of other NADPH oxidase subunits could be partially responsible for the alterations in basal claudin-5 and occludin expression noted in NOX2KOmice (see Table 2 ). The use of newly developed, tissue-specific NOX2 knockout mice could thus also circumvent any artifacts introduced by subtle genetic drift and/or compensatory changes in the NOX2KO and C57Bl/6 strains of mice.
One key site whereby aberrant and/or sustained NADPH oxidase activation could undermine brain function is in the cerebrovascular compartment. Indeed, data in this paper reveal that HFD-induced perturbations to cerebrovascular integrity (decreased tight junction protein/increased MMP expression) are blunted in NOX2KO mice. While direct cerebrovascular function was not measured in this study, numerous reports have confirmed that alterations in these markers faithfully reflect physiological impairments in BBB function (56, 59) . In addition to loss of BBB integrity, there is increasing evidence that hypoperfusion and/or loss of neurovascular coupling may be a key pathway whereby oxidative stress connects vascularrelated diseases to cognitive impairment (45, 55) . Indeed, evidence suggests that diabetes-induced cognitive decline may be induced via disruption of neurovascular coupling, with physiological impairment arising from both cerebrovascular elements and also glial cells (61, 83) . In this light, it is important to note that NADPH oxidase is a major player in both endothelial and glial physiology. Overall, therefore, these data collectively support the hypothesis that excessive or sustained NADPH oxidase activation could disrupt brain homeostasis through any of several different cerebrovascular mechanisms, raising the possibility that targeted NOX2 inhibition could be a viable therapeutic strategy to preserve neurological function in the context of pathogenic obesity.
While NOX2KO mice were protected from many of the metabolic and neurological effects of HFD, it is clear that both strains of mice became obese in response to HFD, and indeed, NOX2KO mice were actually heavier than WT mice at times. Thus, these data reiterate that obesity per se is not sufficient to precipitate metabolic or neurological decline. This scenario is also reflected in clinical settings, but it remains unclear why increased adiposity appears to cause disease in some people but not in others (10) . Recently devised theories posit that obesity in susceptible individuals is uniquely associated with pathological dysfunction in adipocytes (sick fat or adiposopathy) and that these abnormalities in fat function, rather than increases in fat mass, precipitate physiological decline (4, 10, 12) . Adiposopathy is generally defined anatomically by adipocyte hypertrophy and physiologically by impaired fatty acid regulation (elevated release, particularly under high-glucose conditions), disrupted adipokine secretion, and increased inflammation (4, 9, 11, 39). Data in this paper suggest that NOX2 may mediate, at least in part, the pathological processes of adiposopathy. As obesity remains increasingly prevalent and seemingly resistant to clinical remediation (68) , these data suggest that new therapies to preserve health in the presence of obesity could be based on manipulation of NOX2.
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